The authors measured ambient illumination exposure in healthy volunteers in San Diego, California (latitude 32&deg; 43' N, n = 30), and Rochester, Minnesota (latitude 44&deg; 1'N, n = 24), during each of the four quarters of the year, which were centered on the solstices and equinoxes. Subjects wore photosensors on their wrists and lapels (or foreheads while in bed) 24 h per day for an average of 5-6 days per quarter. The maximum of the two illumination readings was stored each minute. Annual average time spent per day in outdoor illumination (&ge; 1000 lux) was significantly higher in San Diego than it was in Rochester (p <.04). Daily durations of illumination at or exceeding thresholds of 1,10,100,1000, and 10,000 lux were highly seasonal in the sample as a whole (p < .01 at 1 lux, p < .0001 at other thresholds). Seasonal variation in outdoor illumination was far more pronounced in Rochester than it was in San Diego (interaction p < .001) but remained significant in San Diego ( p &le; .03). Seasonal variation in indoor illumination was generally similar in the two cities. The median Rochester subject experienced illumination &ge; 1000 lux for 2 h 23 min per day during summer and 23 min per day during winter. The corresponding times in San Diego were 2 h 10 min and 1 h 20 min. Neither age nor gender predicted illumination duration at any level. Both season and geographic location strongly influenced human illumination exposure, and behavior (choice of indoor vs. outdoor environment) was the most important mediating factor.
INTRODUCTION
Humans show seasonal rhythms in sleep (Honma et al., 1992) , mood (Oren and Rosenthal, 1992) , and birth rate (Roenneberg and Aschoff, 1990 ) that might be related to changes in the timing and/or intensity of light exposure. These phenomena could be mediated by light's effects on circadian rhythms and suppression of the pineal hormone, melatonin. Illumination must be relatively bright (on the order of 2000-10,000 lux) to produce maximal changes in human circadian rhythms (Wever, 1985) , melatonin secretion (Bojkowski et al., 1987) , and mood ; however, dim light (e.g., 5-300 lux) can also have substantial effects (Avery et al., 1993; Bojkowski et al., 1987; Brainard et al., 1988; Gaddy et al., 1993; Terman, Schlager, et al., 1989) . For comparison, full moon light is about 0.4 lux, ordinary indoor lighting usually ranges between 10 and 300 lux at eye level, sunrise (or the midday sky obscured by dark storm clouds) registers about 500-2000 lux, the blue sky on a clear day can reach 10,000-30,000 lux, and looking directly toward the sun can exceed 100,000 lux (Thorington, 1985) . Both latitude and season affect the duration and intensity of daylight, so each might be expected to be an important determinant of human illumination exposure. On the other hand, human illumination experience might be so distorted by artificial lighting and indoor environments that season and latitude have little effect.
No one knows exactly how much illuminationbright or dim-a human should have for optimal mental and physical health. To explore this question, it is helpful to investigate the range of illuminations that healthy people experience in their everyday lives at different latitudes and seasons. We therefore measured illumination exposure in people living at two distinctly different latitudes repeatedly during each of the four seasons of the year. Our aim was to describe the normal range of illumination exposures in healthy people of both genders and a wide range of ages.
MATERIALS AND METHODS

Subjects
We recruited 50 subjects in San Diego, California (latitude 32° 43' N), and 31 subjects in Rochester, Minnesota (latitude 44° 1' N). All potential subjects were screened for normality by telephone or personal interviews. Those who reported significant health problems ; psychiatric problems; pronounced seasonal changes in mood, energy, or weight (which could be symptoms of seasonal affective disorder [SAD]); poor nighttime sleep; daytime sleepiness; disabling premenstrual or menstrual symptoms; pregnancy; recent childbirth; disruptive life events; or night-shift work were excluded from participation. Subjects were recruited through advertisements and word of mouth and were paid for their participation. All gave informed consent under protocols approved by local institutional review boards (University of California, San Diego, and the Mayo Clinic).
Of those who commenced the study, 30 San Diego subjects and 24 Rochester subjects completed the 1year protocol with four seasons of usable illumination data. Excluded from this analysis were subjects who chose to discontinue the study after one, two, or three seasons of recording and subjects who completed all four seasons but whose data were of unsatisfactory quality (usually because they failed to wear the monitor enough during at least one season).
Measurement of Illumination and Activity
We used Actillume monitors (Ambulatory Monitoring, Ardsley, NY) to measure subjects' illumination exposure and wrist activity. The Actillume is a selfcontained, wrist-mounted, microprocessor-controlled data-logging computer with an integrated photovoltaic illumination sensor, a linear accelerometer, and 32 KB of random access memory It also has a second, optional illumination sensor that may be attached by cable and placed in a location remote from the wrist.
Each illumination sensor is covered by a glass filter with spectral transmittance between the photopic and scotopic response curves of the human eye (glass VG14, peak transmittance 520 nm, half-peak bandwidth 90 nm [Schott Glass Technologies, Duryea, PA; also see Schott Glass Technologies, Inc., 1983, p 28] Calibration studies also suggested that at cold temperatures the photosensors may underestimate bright illumination (-10% at 1000 lux, -42% at 10,000 lux), overestimate dim illumination (+38% at 100 lux, +114% at 10 lux, +230% at 1 lux), and provide accurate readings at midrange illumination (no error at 560 lux). However, there was no practical means of correcting for these errors.
Protocol
Each subject was asked to wear an Actillume monitor 24 h per day (except while bathing) for 1 week during each of the four quarters of the year. These quarters were the 91-day periods whose midpoints fell on the spring equinox, the summer solstice, the autumn equinox, and the winter solstice.
During the day, the Actillume measured illumination at the wrist and lapel with its internal and remote photovoltaic sensors. These placements were chosen to minimize covering by clothing. While each subject was in bed, the lapel sensor was moved to a headband to prevent covering by bedcovers.
The Actillume also recorded the average wrist activity per minute and the maximum 10 sec of wrist activity per minute. Each subject was allowed to choose his or her preferred wrist and/or to switch wrists during the study.
Subjects kept daily logs reporting sleep and nap times, time spent outdoors, time spent at work, and removal of the Actillume instruments for showers and the like. They also completed mood, sleep quality, and other types of questionnaires. This report focuses exclusively on illumination duration and intensity. Portions of these results, as well as some mood results, have been reported previously (Cole et al., 1993; Kripke et al., 1994a Kripke et al., , 1994b . Illumination phase, photoperiod, and effects on the sleep/wake cycle are the subjects of additional manuscripts in preparation.
Data Analysis
Illumination and activity data were carefully inspected and compared to subject logs to identify recording artifacts (especially periods during which the Actillume was not worn). Periods of apparent artifact were deleted before further analyses.
Edited data were tagged to mark each continuous 24-h period that included at least 21 h of technically satisfactory illumination data. All such 24-h periods within each data collection week were marked regardless of whether they were consecutive and regardless of start time. All subjects with at least one 24-h period containing 21 h of usable illumination data in each of the four seasons were included in the analyses reported here. On average, the Rochester subjects provided 5.7 ± 0.8 days per season of usable illumination data and the San Diego subjects provided 5.1 ± 1.2 days. The average number of usable minutes per analyzed day was 1396 for Rochester subjects and 1399 for San Diego subjects.
The percentage of usable minutes in each tagged 24-h interval during which illumination equaled or exceeded thresholds of 1, 10, 100, 1000, and 10,000 lux was computed and then converted to equivalent minutes per 24 h. For each subject and season, these values were averaged across the recording week to obtain the mean daily time above each illumination threshold. In addition, the mean lux value for each tagged 24-h period was computed, and these values were averaged across the recording week to obtain a daily mean lux value for each subject and season.
Repeated-measures analyses of variance were used to analyze time above threshold and mean lux data. Season was the within-subjects factor and city was the between-subjects factor. It was preplanned that age and gender would be added to the model as covariates if preliminary analyses showed that they accounted for a significant proportion of the variance of a dependent variable. Significance levels for all season effects were adjusted with the Greenhouse-Geisser correction.
It is of interest to learn how variability of illumination measurement is influenced by the number of days of measurement. This analysis was limited to the 135 data collection weeks in our sample that contained at least 6 days of usable illumination data. For each day, we calculated the percentage time spent at illuminations equal to or exceeding 10 lux. We then averaged these percentages over all possible combinations of 1, 2, 3, 4, and 5 consecutive days. For example, 4-day averages were calculated for Days 1-4, Days 2-5, and Days 3-6. We then calculated the Pearson correlations between the 6-day average and each average of a lesser number of days. Finally, we took the mean of all correlations for a given number of days. For example, for 4-day Actillume recordings, we took the mean of the three correlations between the 6-day average and the Days 1-4, Days 2-5, and Days 3-6 averages. This process was repeated using a threshold of 1000 lux.
RESULTS
.
Subject Characteristics
The Rochester subjects who completed the study with satisfactory data were 15 women and 9 men, mean age 38.9 ± 11.3 years, range 22-57 years. The San Diego subjects were 16 women and 14 men, mean age 47 ± 16.3 years, range 21-76 years. The San Diego subjects were significantly older than the Rochester subjects, t = 2.07, p < .05. Nonetheless, each sample included both older and younger individuals. In San Diego, 50% of the subjects were over age 45 and 50% were under; in Rochester, 58% were over age 45 and 42% were under.
All of the Rochester subjects and all but 2 of the San Diego subjects who finished the study were White (the remaining San Diego subjects consisted of 1 Black and 1 Hispanic). In both cities, the median subject had completed 4 years of higher education. All subjects had completed high school.
The proportion of subjects who reported spending at least half of their work hours (school, retirement, etc.) outdoors or driving during the study week varied substantially by season in Rochester (8% spring, 18% summer, 9% autumn, 5% winter) but not in San Diego (7% spring, 5% summer, 8% autumn, 7% winter). Neither age nor gender accounted for a significant proportion of the variance of time spent at or above any illumination threshold. Analyses of variance showed significant main effects of season on duration of illumination exceeding 1 lux (p < .01) and exceeding 10, 100, 1000, and 10,000 lux (p < .0001). Thus, despite the availability of artificial illumination, the duration of exposure to all levels of illumination was highly seasonal in the combined San Diego/Rochester sample. Planned contrasts comparing only summer to winter showed considerably stronger season effects at all illumination thresholds. Contrasts comparing only spring to autumn showed no significant differences except somewhat higher autumn durations 100 lux (p < .03). When the Rochester data were analyzed separately, the main effect for four seasons remained robust at all illumination levels. When the San Diego data were analyzed separately, the four-season effect remained significant at 10 lux (p < .002), 100 lux (p < .0001), and 1000 lux (p < .03) but was reduced to a trend at 10,000 lux (p < .10) and did not approach significance at 1 lux (p > .23). However, the contrast of summer versus winter in San Diego did reach significance at 10,000 lux (p < .02) and showed a trend toward significance at 1 lux (p < .09).
Main effects for city occurred only at the 1000-and 10,000-lux thresholds (p < .04). This indicated that, averaged over the course of a year, San Diego subjects experienced more bright (presumably outdoor) illumination than did Rochester subjects. There was a trend toward a main effect for city at the 1-lux threshold (more time 1 lux in San Diego, p < .06) but no trend whatsoever at 10 or 100 lux.
There were significant season-by-city interactions on duration of illumination above 1000 lux (p < .001) and 10,000 lux (p < .04). This reflects the finding that the seasonal changes in bright (presumably outdoor) illumination duration in Rochester were much more pronounced than they were in San Diego. From summer to winter, the median Rochester subject showed a sixfold reduction in time spent above 1000 lux and a 22-fold reduction in time spent above 10,000 lux. By contrast, the summer-to-winter reduction for the median San Diego subject was only about 40% at 1000 lux and 50% at 10,000 lux.
There were no season-by-city interactions on duration of illumination above 1, 10, or 100 lux. This suggests that seasonal changes in indoor illumination patterns were similar in the two cities. However, the finding that San Diego subjects, analyzed separately, showed no four-season main effect at 1 lux (p > .23) while the Rochester subjects did (p < .0003) suggests that seasonal changes in the duration of exposure to very dim illumination were more consistent in Rochester than they were in San Diego. season in Rochester and San Diego. Neither age nor gender accounted for a significant proportion of the variance of mean lux. Analyses of variance showed significant main effects of season in Rochester (p < .0001), San Diego (p < .05), and the two cities combined (p < .0001). Planned contrasts comparing only summer to winter strengthened season effects considerably. Contrasts comparing only spring to autumn showed no significant differences.
Average Lux Values
There was a significant main effect for city on 24-h mean lux values (p < .02), indicating that, averaged over the course of a year, San Diego subjects experi- Table 1 . Duration of exposure to various illumination levels (hours:minutes) of subjects in Rochester, Minnesota, and San Diego, California. enced higher means than did Rochester subjects. There was a nonsignificant trend toward greater seasonal variation in mean lux in Rochester than in San Diego (season-by-city interaction p < .08). The 24-h mean lux exposure for the median Rochester subject fell more than fivefold from summer to winter. By contrast, the summer-to-winter reduction for the median San Diego subject was only about twofold. Nonetheless, the season-by-city interaction still fell short of significance when only summer and winter data were included in the analysis (p < .07).
Number of Days of Monitoring Needed to Characterize an Individual's Illumination Experience
As shown in Table 3 , in the 135 records studied, a 1-day illumination recording represented approximately 50-60% of the variance of a 6-day recording, a 2-day recording represented about 70%, a 3-day recording represented about 80%, and so on.
DISCUSSION
Duration of exposure to bright outdoor and dim indoor illumination varied significantly by season in both Rochester and San Diego. Seasonal variation in outdoor illumination exposure was far more pronounced in Rochester than it was in San Diego, but seasonal variation in indoor illumination generally was similar in the two cities. Averaged over the year, San Diego subjects spent more time in bright outdoor illumination, but not consistently more time in indoor illumination, than did Rochester subjects. There was a trend for San Diego subjects to spend more time, with less seasonal variation, at the dimmest illumination levels z 1 lux). This may reflect the fact that several San Diego subjects apparently slept with dim nightlights (or perhaps with streetlights shining in their windows), whereas few Rochester subjects did.
Differences between the cities could not be attributed to the age difference between the samples be- Figure 3 . Median daily durations of exposure to illumination z! 1 lux, by season, in San Diego, California, and Rochester, Minnesota. cause age did not predict light exposure duration at any illuminance level or predict 24-h mean lux level. The absence of any age or gender effects on exposure duration is consistent with previous research (Espiritu et al.,1994) . Reduced sensitivity of the Actillume photosensors to bright illumination in cold weather could, theoretically, have contributed to the results; however, if this was the case, its contribution was probably small. For example, it is unlikely that cold-induced calibration errors of 10% at 1000 lux could account for the fact that Rochester subjects spent 84% less time in illumination exceeding 1000 lux during winter than they did during summer.
Around the winter solstice, the median San Diego subject spent approximately 1 h 20 min per day in illumination >_ 1000 lux and 16 min per day in illumination ~! 10,000 lux. The corresponding figures in Rochester were 23 min and 1 min. Typical bright light treatments for SAD are 2500 lux for 2 h or 10,000 lux for 30 min . Thus Rochester daily winter bright light exposures were far shorter than the durations known to be clinically effective against SAD, whereas San Diego bright light exposures approached therapeutic durations for the median subject.
When data were expressed as 24-h mean lux values rather than as durations of illumination exceeding particular thresholds, the results were generally similar to those for duration of outdoor illumination. Mean lux varied significantly by season in both cities, was higher (on annual average) in San Diego, and showed a trend toward greater seasonal variation in Rochester.
Similarity of outdoor duration and mean lux findings was to be expected because outdoor illuminance is two to five orders of magnitude greater than indoor illuminance and therefore largely determines 24-h mean lux values. For a fixed spectral distribution of light, illuminance is proportional to the number of photons incident on a surface. Although natural and artificial light differ markedly in spectral distribution and the spectrum of natural light varies by time of day and season, mean lux readings should nonetheless be roughly proportional to total photon exposure. Therefore, our findings suggest that people's daily photon exposure is two to five times greater in summer than it is in winter and that the annual total is nearly twice Figure 4 . Median daily durations of exposure to illumination > 1000 lux, by season, in San Diego, California, and Rochester, Minnesota. ----as high in San Diego as it is in Rochester. This may be relevant to &dquo;photon counting&dquo; models of illumination effects on biological rhythms and mood (Oren and Rosenthal, 1992) .
It was surprising that the median subjects in both Rochester and San Diego spent less than 7 h per day in illumination > 100 lux because indoor illumination levels are commonly believed to generally exceed 100 lux. Indoor illumination measurements are often oriented toward ceiling lighting, whereas our measurements may correspond more often to the direction of gaze (Cole et al., 1990) . On the other hand, our mea- Table 3 . Number of days of monitoring needed to characterize an individual's illumination experience.
surements chose the higher of two transducers, which might overestimate the average. Daytime exposure to ordinary room light (e.g., 50-300 lux) has very weak and unreliable entraining effects on human circadian rhythms, but exposure to 2000-4000 lux during the majority of waking hours strongly entrains human rhythms (Wever, 1985) . The median daily light exposures in the present study clearly fell toward the lower end of this range. The minimum exposure needed to reliably entrain rhythms to the 24-h day is not known and almost certainly depends in part on time of day of exposure. In the present study, apparently healthy subjects who showed no obvious signs of circadian disentrainment often subsisted on less than 1 h per day of illumination exceeding 1000 lux, and the timing of exposure was highly variable. This is consistent with the hypothesis that less than 1 h per day above 1000 lux may generally entrain people living in their habitual environments.
The most important determinant of human bright illumination exposure appears to be behavior, that is, whether a person stays indoors or goes outdoors. In Rochester at the winter solstice, there are nearly 9 h of available daylight, yet only 5% of the subjects spent as much as 1 h 42 min per day in outdoor light. This may be attributable largely to avoidance of cold weather. However, even in the long days and fair weather around the summer solstice (15 h 33 min daylight in Rochester, 14 h 15 min daylight in San Diego), the median subject in each city spent less than 2 h 24 min per day in outdoor daylight. Some subjects may have received most of their daylight exposure while driving to and from work. Driving behavior interacts with day length to determine bright illumination experience. During winter, some individuals apparently commuted to work before sunrise or commuted home after sunset. The Rochester subject in Fig. 1 thus experienced no daylight illumination at all on the winter day shown.
Although subjects' bright light exposure duration was far shorter than what our outdoor-dwelling ancestors must have experienced, their dim illumination durations were much longer. In every season in both cities, the median subject spent approximately 15-16 h per day in illumination :'~ 1 lux despite winter day lengths as short as 8 h 49 min in Rochester and 10 h 3 min in San Diego. The remainder of the day spent below 1 lux is consistent with a dark/sleep period of 8-9 h per night. Median duration of illumination > 1 lux was about 1 h longer during summer than it was during winter in both cities (although this difference fell short of statistical significance in San Diego). This could have been due to shorter time in bed during summer, more morning sunlight reaching sleeping subjects through bedroom windows during summer, more nighttime driving during winter, or some other cause.
When we combine annual data for Rochester and San Diego, subjects spent approximately 14 h per day in light between 1 and 1000 lux (i.e., indoor light and/or twilight). Roughly 5.25 h (38%) of this time was spent between 100 and 1000 lux (comparable to ordinary office lighting or indirect daylight through a window), 6.25 h (44%) was spent between 10 and 100 lux (comparable to typical living room lighting), and 2.5 h (18%) was spent between 1 and 10 lux (comparable to watching television at night with little room light).
The San Diego illumination duration values reported in this study were consistently higher than those reported in a previous study by our group of 106 randomly selected, relatively wealthy, suburban San Diego residents 40 to 64 years old (Espiritu et al.,1994) . For example, when data were averaged over the four seasons, the median subject in the present study spent 15 h 52 min per day in illumination > 1 lux as compared to 12 h 42 min in the previous study, and the median subject in the present study spent 1 h 49 min per day in illumination > 1000 lux as compared to 58 min in the previous study. We believe these discrepancies are due primarily to differences between the studies in methodology and subject selection. Illumination recordings in the previous study were made from the wrist only, whereas the present study recorded the greater of wrist and lapel (or forehead) illumination. Although wrist and forehead illumination generally agree quite closely (Cole et al.,1990) , selection of the higher reading systematically increases recorded illumination values by capitalizing on chance variations in sensor orientation. Further, the present study's forehead sensor revealed that many subjects experienced substantial illumination exceeding 1 lux while in bed, whereas such illumination went largely unrecorded in the previous study because the wrist sensor was commonly obscured by bedcovers. Subjects in the present study were self-selected volunteers who may have had more leisure time to spend in bright outdoor illumination than did the randomly selected subjects in the previous study. Further, subjects in the present study were carefully screened for good physical and mental health, whereas the previous study included randomly selected unhealthy individuals who might have spent less time outdoors. In the present study, potential subjects who reported symptoms suggesting SAD were specifically excluded from participation. Even so, low illumination was correlated with prospectively measured SAD-like symptoms in this sample (Kripke et al., 1994a) . The previous study may have included a higher proportion of subjects with SAD-like symptoms because no attempt was made to exclude them. Thus it appears likely that the general population might experience even less illumination than do the healthy volunteers who participated in the present study.
The previous San Diego study found no significant seasonal changes in duration of illumination exposure at any level. We suspect that such changes may have gone undetected due to the cross-sectional design of the study. Because different subjects were studied in each season, modest seasonal effects may have been obscured by large interindividual differences. The more powerful longitudinal design of the present study did allow us to detect clear-cut seasonal changes within individuals in San Diego as well as in Rochester. The results demonstrate convincingly that both season and geographical location are important determinants of the intensity and duration of human illumination exposure.
